The hydration and ammonization of ZrW 2 O 8 is known to lead to positive and negative thermal expansion behaviour respectively. We report ab-initio calculations to understand this anomalous behaviour. We identify the crucial low energy phonon modes involving translations, rotations and distortions of WO 4 and ZrO 6 polyhedra, which lead to NTE in ZrW 2 O 8 in pure and ammoniated forms; however, the rotation and distortion motions get inhibited on hydration and lead to positive thermal expansion. We demonstrate that the thermal expansion coefficient could be tailored by engineering the phonon dynamics of a material.
The discovery of large and isotropic negative thermal expansion (NTE) behaviour of cubic ZrW 2 O 8 over a wide range of temperature up to 1050 K motivated enormous amount of research to explain this novel phenomena as well as to explore the possibility to tailor the thermal expansion behaviour .
The effect of hydration [17] and ammonization of ZrW 2 O 8 [6] on its thermal expansion behaviour has been realized experimentally by Duan et al [17] and Cao et al. [6] respectively. The authors [6] found that intercalation of NH 3 molecule in to ZrW 2 O 8 lattice significantly reduces the NTE coefficient from ~ -28 × 10 -6 K -1 to ~ -16 × 10 -6 K -1 , while introduction of H 2 O in to the lattice leads [17] to marginal positive thermal expansion (PTE) coefficient of ~ +6 × 10 -6 K -1 at 300 K. Thermal expansion arises from anharmonic vibrations of atoms or molecules in solids. It is important to understand the nature of atomic vibrations with temperature and pressure to understand the thermal expansion behaviour of crystalline solids. Recently Mia Baise et al [1] have carried out X-ray diffraction, total scattering and calculation of zone centre phonon modes on hydrated ZrW 2 O 8 . The authors have pointed out that insertion of H 2 O creates new W-O bonds and forms one-dimensional (-W-O-) n strings. This new connectivity contracts the unit cell via large shifts in the Zr and W atom positions and may hinder the phonon dynamics involved in NTE behaviour of the compound.
In this paper we extensively investigate and compare the phonon dynamics and its relevance to the thermal expansion behaviour in ZrW 2 The present study deals with microscopic understanding of how the thermal expansion coefficient may be tailored by engineering the low-energy phonon dynamics of a material. It is important to achieve controlled thermal expansion behaviour in a single homogenous phase mediated by phonons.
The compound ZrW 2 O 8 crystallizes in P2 1 3 space group at room temperature [19] . The structure (Fig 1) consists of two kinds of symmetrically distinct tetrahedral units (W1O 4 and W2O 4 ) and one kind of octahedral unit (ZrO 6 ). The topology of the structure is very interesting; by looking the structure along <111> direction the two tetrahedral units are stacked between ZrO 6 octahedral units and the free vertices (i.e., O3 and O4 atoms) of all the polyhedral units are perfectly aligned along <111> direction. Previous studies have suggested that NTE in ZrW 2 O 8 is mostly contributed by the low energy vibrations below 10 meV. These modes involve translations, librations and distortions of WO 4 tetrahedral units, which compress the lattice along <111> direction. Hence it is important to see the effect of NH 3 (Fig 1) .
Details of the ab-initio calculations are given in supplementary information [28] . 3 . This may be due to restricted dynamics due to insertion of the NH 3 molecule. The H 2 O molecule affects the phonon spectrum much more significantly than that observed due to NH 3 . The insertion of polar H 2 O molecule drags the WO 4 polyhedral units closer and hence the lowest optical mode hardens to 5.9 meV. The pressure dependence of the dispersion relation shows that the softening of low energy modes is almost negligible in comparison to that in ZrW 2 O 8 . The Grüneisen parameters, Γ(E), which are essentially a measure of phonon energy shift on compression of the lattice, are derived from the pressure dependence of phonon frequencies in the entire Brillouin zone (Fig 3(a) The volume thermal expansion coefficients, as shown in Fig 3(b) (Fig 4(a) We have also computed the contribution from various phonon modes in the entire Brillouin zone to the thermal expansion behaviour in these compounds at 300 K (Fig  4(b) ). The computational analysis reveals that in ZrW 2 O 8 the maximum contribution to the NTE is by low energy modes below 10 meV. It reduces when NH 3 molecule is inserted in the available voids, and becomes insignificant when H 2 O molecules are inserted. Interestingly the phonon modes of energy in the range of 10-15 meV which also contribute to NTE in ZrW 2 O 8 , have no contribution to NTE behaviour in ZrW 2 O 8 .NH 3 .
In Table II , we have compared the mean-squared displacement <u 2 > of various atoms in these compounds at 300 K. As shown in Fig 1, As proposed in literature based on theoretical [27] and experimental measurements [10] ; the translational, librational and distortion dynamics of polyhedral units in ZrW 2 O 8 is the root cause of NTE behaviour. Hence in order to probe the dynamics and its corresponding energy range, we have computed the mean-squared displacement of various atoms in different polyhedral units at 300 K as a function of phonon energy averaged over the entire Brillouin zone (Fig 5) . In case of ZrW 2 O 8 , we could see the large difference in mean-squared displacement of O4, O1 and W1 atoms. For phonons below 10 meV, the large and different values of <u 2 > for O1 and O4 in comparison to that of W1 indicate the rotational and distortion dynamics of W1O 4 , while the finite mean-squared displacement of W1 atom indicates the translational dynamics. It is interesting to note that for W2O 4 tetrahedral units; the difference in mean squared displacement between O2, O3 and W3 atoms is less pronounced than that for W1O 4 As discussed in literature [27] , the dynamics of ZrO 6 and WO 4 along <111> direction makes an important contribution to NTE in ZrW 2 O 8 . Interestingly, NH 3 We have extensively investigated the dynamics of ZrW 2 O 8 .NH 3 and ZrW 2 O 8 .H 2 O and compared it with that of ZrW 2 O 8 . The thermal expansion behavior of these compounds is interpreted by calculation of phonon spectra as a function of pressure in the entire Brillouin zone. The insertion of the NH 3 in the lattice marginally hardens the low-energy phonons and slightly reduces the phonon anharmonicity, which leads to a small decrease in NTE. On the other hand, insertion of H 2 O significantly hardens the low-energy phonons and their anharmonicity becomes negligible leading to positive thermal expansion. The difference in nature of the dynamics of low energy modes is responsible for large difference in thermal expansion behaviour of these compounds. In a nutshell, our studies show that the thermal expansion coefficients can be tuned by engineering the phonon dynamics of the host lattice by insertion of guest molecules such as ammonia and water. 
